and thus provided the rationale for a more extensive other (50%-60%) and with the bacterial subtypes (30%-reevaluation of the topology of the entire C-terminal 40%) suggests that they share a similar overall structure.
Introduction sequential C-terminal deletions of the transporter. Despite the use of similar strategies, different models of In the nervous system, excitatory amino acid transportthe C-terminal domains were proposed: four ␤ strands ers (EAATs) can serve a dual function as transporters (GLAST1), four ␣ helices (GltT), or six ␣ helices (DctA). that regulate extracellular glutamate levels (Mennerick Moreover, because these studies analyzed truncated, and Zorumski, 1994; Tong and Jahr, 1994; Otis et al., and therefore nonfunctional, carriers their structures 1996; Diamond and Jahr, 1997) and as ligand-gated may not reflect the structure of the native carriers. A anion channels that can modulate cellular excitability model for the topology of GLT-1, the rat homolog of (Eliasof and Werblin, 1993 and thus provided the rationale for a more extensive other (50%-60%) and with the bacterial subtypes (30%-reevaluation of the topology of the entire C-terminal 40%) suggests that they share a similar overall structure.
region. A comparison of the five mammalian subtypes shows
To gain a more comprehensive understanding of the a lack of conservation between residues at their N-and topology of the C-terminal half of the human EAAT1 C-terminal ends, domains that have been identified as transporter, we have analyzed the accessibility of individual cysteines, substituted for over one hundred individual residues throughout this region (residues 307- ‡ To whom correspondence should be addressed (e-mail: amaras@ ohsu.edu).
527), to sulfhydryl-modifying reagents that vary in size, biocytin maleimide (BM). Transporter mutants were immunoprecipitated using a polyclonal antibody raised to the C-terminal 46 amino acid residues of EAAT1 (Eliasof Results et al., 1998) and then probed for the biotin moiety by Western blotting with strepavidin conjugated to horseAs a means of reference, we have divided EAAT1 into eleven discrete domains representing putative memradish peroxidase (HRP). Residues in which modification could be blocked with SM score as extracellular. brane-spanning or membrane-associated regions (Figure 1A) . Domain designations were given to stretches
The presence of the transporter in each lane was confirmed by reprobing the blots with the EAAT1 antibody. of ‫52-61ف‬ residues that score as hydrophobic and that show a high degree of conservation among the five In a second approach, MTS derivatives were used to identify residues that are exposed to the extracellular cloned human subtypes (EAATs 1-5). Hydropathy analysis (Kyte and Doolittle, 1982) predicts six strongly hyside of the membrane. MTS derivatives react specifically and rapidly with the sulfhydryl group of cysteine and drophobic domains within the first ‫053ف‬ residues (domains 1-6) and five moderately hydrophobic domains are a billion times more reactive in aqueous than in lipid environments (Roberts et al., 1986; Karlin and Akabas, in the remaining portion (domains 7-11) ( Figure 1B) .
The topology of residues throughout the C-terminal 1998). Because the MTS derivatives are smaller than are the maleimide derivatives, they have the advantage that portion of the carrier (307-527) was investigated by individually replacing them with cysteine and then examinthey may react with residues that are inaccessible to the larger maleimides, including residues that reside in ing their accessibility to thiol-reactive compounds. Single cysteine substitutions were created in a functional, an aqueous crevice within the membrane. Cells expressing the mutant transporters were incubated in the prescysteineless version of EAAT1 (Cys[Ϫ]) that has been characterized previously (Seal and Amara, 1998 to completion with any thiol group that has unrestricted preincubated with impermeant compounds, then the membrane orientation of the residue cannot be deteraccess to the extracellular milieu. Biotinylated proteins were isolated by avidin-affinity chromatography and mined by this approach (see Table 1 ). then probed by Western blot for the presence of the biotin-isolated transporter using the C-terminal EAAT1 (Figure 4) , and thus it does not appear to cross the membrane to a significant extent in this system either.
Extracellular Localization of Cysteine Substitutions
We began our evaluation of the number and orientation of membrane-spanning domains in the C-terminal portion of the carrier by determining the extracellular accessibility of residues in a hydrophilic loop between hydrophobic domains 5 and 6. Two cysteine substitutions in this loop, M307C and G308C, appear to react with markedly inhibited after a 5 min exposure to either 10 mM MTSES or 1 mM MTSET. The reactivity rate of S366C with MTSET and MTSES indicates that this cysteine is al., 1998). To establish that they do not permeate the plasma membrane in our system, we tested whether highly accessible to the aqueous milieu (k MTSET Ϸ 4000
; R. P. S., unpublished data). these reagents could react with a cysteine substituted for a residue (A527) in the well-established intracellular These findings strongly suggest that the S366C and A367C residues can be accessed from the extracellular C terminus of the transporter (Grunewald and Kanner, 1995; Wahle and Stoffel, 1996) . As shown in the upper space in carriers expressed on the cell surface ( Figure  6 ; Table 1 ). panel of Figure MTSES were shown to be impermeant under these conthe modification of A414C by MTSEA of 104 Ϯ 15 M Ϫ1 s Ϫ1 , suggesting that this residue is readily accessible to ditions, the data further support the contention that this region of EAAT1 is accessible to the extracellular space.
an aqueous milieu (Seal and Amara, 1998). The labeling pattern of F423C, a residue located in a hydrophilic, nonAlso, the partial reactivity of MTSET suggests that a positive electrostatic potential may be present along the conserved region of the carrier downstream of A414, suggests that this region is also quite accessible and is water-accessible pathway to these sulfhydryl groups.
In a recent study, we demonstrated that a cysteine likely to be outside. This substitution reacts with BM, and both SM ( Figure 4) . This unusual accessibility 6; see Discussion).
In a previous study, we observed a reaction rate for pattern is similar to what is observed with T362C and S363C. The following two residues, A440C and A441C, while substitutions located throughout domain 10 appear to be accessible. are also accessible to modification by MTSEA-biotin, and this can be blocked by preincubation with either Four consecutive residues following domain 10 (L467-A470) also appear to be highly accessible to the thiol-MTSES or MTSET (Figure 4) . Finally, G442C, located at the end of domain 9, is accessible to all of the reagents modifying reagents when substituted to cysteine. Each mutant can be labeled with either BM ( Figures 3A and  tested (Figures 3A, 3B, and 4; Table 1 ).
Two cysteine substitutions in domain 10 (I453C and 3B) or MTSEA-biotin (Figure 4) , and these reactions can be blocked with SM ( Figure 3A) , MTSES (Figure 4) , and T462C) show reactivity with the entire array of thiolreactive reagents (Table 1 ). The reactivity of these resi-MTSET ( Figures 3B and 4) . Two other substitutions made in this hydrophilic region of the carrier (W473C and dues with BM can be blocked by preincubation with SM ( Figure 3A) and MTSET ( Figure 3B) , and their reactivity F474C) react with both MTSET and MTSES to prevent MTSEA-biotin from labeling (Figure 4) . The high accessiwith MTSEA-biotin can be blocked by both MTSET and MTSES (Figure 4) . Two more substitutions (V452C and bility of cysteines substituted for residues L467 through A470 clearly establishes this region as extracellular, V458C) are reactive with MTSEA-biotin but not BM (Table 1). MTSEA-biotin labeling of these residues is prewhile the less accessible W473C and F474C residues could either be in the extracellular space or in an aquevented by MTSES and MTSET (Figure 4) . Thus, substitutions made at both ends of domain 9 appear to be highly ous pocket within the plane of the lipid bilayer. Figure 6 , is based on data that fulfill the more stringent criteria for extracellular accessibility, in which modification by biotin-conjugated compounds can be blocked by the well-established impermeant reagents SM, MTSES, and/or MTSET. with all five of the sulfhydryl reagents tested (Table 1) , including the impermeant MTS derivatives and the larger maleimide derivatives, indicating that this region of the domain in the carrier that contains several polar and charged residues and is thus somewhat hydrophilic (Figcarrier is extracellular (Figure 6 ). Moreover, the dramatic decrease in transport activity observed with these carriures 1A and 1B). Previous studies have shown that the individual mutation of residues in and around this region, ers after exposure to MTSES and MTSET clearly establishes that the residues are modified when the transport-D470 in GLT-1 (Pines et al., 1995) and R479 in GLAST1 (Conradt and Stoffel, 1995), abolishes transporter funcers are at the plasma membrane ( Figure 5 ). We have modeled domain 7 as an ␣ helix to be consistent with tion. We observed MTSEA-biotin reactivity with only one of the cysteine substitutions created in this domain, the ␣-helical structures predicted for the six membranespanning domains that precede it. Alternatively, the R477C (Figure 4) . The impermeant reagents MTSES or MTSET do not prevent subsequent labeling of this resinumber of residues available to span the membrane ‫)71-51ف(‬ appears to be slightly less than the ‫02ف‬ residue by MTSEA-biotin (Figure 4) , although the membrane-permeant MTSEA does (data not shown). These dues typically required for a membrane-spanning ␣ helix, and thus it is conceivable that it crosses the memfindings demonstrate that R477C faces an aqueous environment and suggests that it may be accessed only by brane as a more extended structure (i.e., a ␤ strand) (Wahle and Stoffel, 1996). uncharged reagents. Electrostatic interactions between the carrier and the charged MTS derivatives would likely A reentrant loop structure for domain 8 is suggested by the reactivity of single cysteine substitutions located underlie this selectivity.
Domain 11 (‫ف‬L475-E495) is another highly conserved accessible to modification by impermeant reagents, outside of the cell because, both in our study and the work of others, MTSEA-biotin generally behaves as if it is membrane impermeable (Chen et al., 1998; Boileau et al., 1999). Our topological model of the carrier, illustrated in

Biochemical and Functional Evidence Indicates that Domain 7 Spans the Membrane and
at both ends of this region ( Figure 6 ; Table 1) . We previously demonstrated that cysteines substituted for one Discussion residue at each end of the domain (A395C and A414C) react with MTSES and MTSET to abolish the transport By examining the reactivity of cysteine substitutions with thiol-specific reagents that differ with respect to activity of these mutant carriers (Seal and Amara, 1998). Here, we provide biochemical evidence that further size, charge, and membrane permeability, we have determined the extracellular accessibility of residues demonstrates the extracellular accessibility of both the A395C and A414C residues, as well as residues that throughout the C-terminal half of the EAAT1 transporter. In functional, surface-expressed mutants, three different both precede (S366C and A367C) and directly follow (F423) this region ( Figure 6 ; Table 1 of the residues that comprise domain 8 face an aqueous that the intracellular placement of residues in the GLT-1 model is based on their ability to be modified with BM in milieu (Seal and Amara, 1998). A water-accessible reentrant membrane loop comprised of residues that interact cells permeabilized with streptolysin O. With membrane permeabilization, the predominant sites that are labeled with substrates and cotransported ions from both sides of the membrane is congruent with current models of correspond to immature forms of carriers present in internal membrane compartments and not to the functhe transport mechanism (Lester et al., 1994; DeFelice and Blakely, 1996; Sonders and Amara, 1996). Together, tional carriers at the plasma membrane. Biogenesis studies of two highly homologous water channels, these findings support the contention that this domain of the carrier forms part of a pore for the translocation CHIP28 and MIWC, indicate that their transmembrane topologies differ in the endoplasmic reticulum but that of substrates and cotransported ions similar to those found in many ligand-and voltage-gated channels (rethey share a similar structure at the plasma membrane (Shi et al., 1995) . Similarly, the EAA transporters may viewed by MacKinnon, 1995).
In a recent report, the topology of the GLT-1 transundergo topological transitions as they traffic through intracellular compartments to the plasma membrane. porter (the rat homolog of EAAT2) was evaluated using thiol-specific modifying reagents to determine the memThus, experiments that assess the orientation of immature, intracellular forms of the carrier may not necessarily brane orientation of individual cysteine substitutions (Grunewald et al., 1998) . The results of this study were provide an accurate assessment of the conformation of the mature, active, surface-expressed transporters. the basis for a model with seven ␣-helical transmembrane domains followed by three shorter membraneassociated segments, and ending with an eighth ␣-heliResidues at Both Ends of Domains 9 and 10 Are Accessible to the Extracellular Space cal transmembrane domain. This model interprets our membrane-spanning domain 7 as an intracellular loop The observation that residues at both the N-and C-terminal ends of domains 9 and 10 react with membraneand our proposed P loop as a membrane-spanning ␣ helix oriented from inside to outside. Although it is formally impermeant reagents suggests that the ends of each domain are exposed to the extracellular milieu. These possible that the two different members of the family, EAAT1 and GLT-1, have different topologies, there are a findings argue against a previously proposed topology in which domains 9 and 10 span the membrane as ␣ number of differences in the experimental approaches that could account for the discrepancies between the two helices oriented from extracellular to intracellular (domain 9) and intracellular to extracellular (domain 10) interpretations of the model. A significant difference is (Slotboom et al., 1996) . The extracellular accessibility orientation. For example, previous studies have demonpattern of residues in domain 9 is such that residues strated that domain 6, which scores strongly as hypositioned at the ends of the domain are the most accesdrophobic, has the capacity to span the membrane sible (F423C-T432C, I438C-G442C) , and residues in the (Wahle and Stoffel, 1996) . Thus, although none of substicenter are the least accessible (A433C-A436C) (Figure tutions made in the hydrophilic loop following domain 6). In addition to the substitutions found at the ends of 6 were accessible, we propose that this loop resides domain 10 (G442 and V458), two substitutions located intracellularly (Figure 6) . Similarly, the region between near its center are also highly accessible (V452C and A367 (C-terminal end of domain 7) and A395 (N-terminal I453C). Based on these results, it appears that domains end of domain 8) could not be accessed by the cysteine-9 and 10 are more likely to be closely associated with specific biotin-containing derivatives in this study or the extracellular milieu than to interact exclusively with by trypsin proteolysis in previous studies of the GLT-1 lipids.
transporter ( 1A and 6), it seems unlikely that this region resides in was facilitated by the reactivity of residues that precede the intracellular milieu or that it interacts with lipids. For the last conserved domain of the carrier (domain 11) these reasons, we favor a model in which these residues (see Figures 1A and 6 ). The region spanning from L467 are closely associated with the extracellular space (see to F474 is one of the most highly accessible regions of Figure 6 ). the transporter. Four consecutive residues in this region, when substituted to cysteine, are accessible to all of the thiol-modifying reagents (L467C-A470C), clearly esImplications for Overall Structure tablishing that they reside in the extracellular space (Fig- The reactivity at residues in each of the C-terminal doure 6; Table 1 (Wahle and Stoffel, 1996) would also domains may reside within the plane of the membrane be consistent with our data. as short segments that form one or more pores for substrate translocation and/or the flux of uncoupled ions.
Modeling of Regions Inaccessible
Alternatively, some of the domains may fold into a globuto Modifying Reagents lar structure that could participate in substrate binding In some regions of the carrier, no substitutions were and ion access to the permeation pathway, similar to accessible to modification by the biotin-conjugated rewhat has been established for the extracellular ligand agents. In using accessibility methods such as the ones binding domains of a rat ionotropic glutamate receptor employed here, the membrane orientation of a residue (iGluR2) (Armstrong et al., 1998) and the metabotropic or region can only be firmly established if it is accessible glutamate receptors (O'Hara et al., 1993). In the absence to membrane-impermeant reagents, such as sulfhydrylof a high-resolution image of the carrier, knowledge of specific compounds, antibodies, or proteolytic enthe transporter's tertiary ("domain packing") and quaterzymes. Residues or regions that are inaccessible may nary (Haugeto et al., 1996) structures will likely be the be so for a number of reasons. It may be that they are next steps toward an understanding of the overall carrier too closely associated with the lipid bilayer, are in a structure. In the meantime, the results presented here particularly inaccessible secondary structure, are inprovide direct evidence for the extracellular accessibility volved in protein-protein contacts either with another of residues throughout the C terminus of EAAT1, offering domain in the carrier or with a separate protein, or are additional insight into the domain structure of this region intracellular. In the few cases in which regions of the and resolving some of the more controversial aspects transporter were devoid of accessible cysteine substituof carrier topology. Such information is essential for tions, we relied on a combination of our data and inforthe interpretation of many aspects of its structure and mation from other studies, together with data on hydrophobicity and conservation, to propose their membrane function. Ci/mmol]) for 10 min at room temperature. The effect of the MTS were washed three times with PBS and then lysed with 1 ml of lysis derivatives on uptake is expressed as the percent inhibition of upbuffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA, take (PI), which was calculated as PI ϭ 100 Ϫ (100 * uptake after/ 1% Triton X-100, and Complete protease inhibitor cocktail tablets uptake before). (EDTA-free) (Roche). Lysates were transferred to microcentrifuge tubes, placed on ice for ‫1ف‬ hr, and then spun at 14,000 ϫ g to pellet
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